In this work, advances in the fabrication technology and functional analysis of a polymer microfluidic system -as a significant part of a developed polymer photonic biosensor -are reported. Robust and cost-effective microfluidics in PDMS including sample preparation functions is designed and realized by using SU-8 moulding replica. Surface modification strategies using Triton X-100 and PDMS-PEO and their effect on device sealing and non-specific protein adsorption are investigated by contact angle measurement and in situ fluorescence microscopy.
INTRODUCTION
The main goal of P3SENS (FP7-ICT4-248304) project is to develop and realize a reliable point-of-care diagnostic device, which is applicable to detect blood protein markers of cerebro-vascular symptoms e.g. stroke with high sensitivity [1] . The proposed molecule sensing principle is based on the extremely sensitive detection of lightwave propagation change in nanostructured waveguides due to binding of molecules on their surface. The target molecules could be captured by special receptors previously deposited on the waveguide surfaces causing refractive index shift of the surrounding region where the evanescent field develops. [2] Our proposed biosensor addresses the integration of optical detection unit and sample preparation microfluidics into a single lab-on-a-chip system.
To reduce manufacturing costs both the optical and the microfluidic parts of the sensor are realized in widely used polymers like polyimide (PI) and poly-dimethylsiloxane (PDMS) by using nano-imprint-lithography (NIL) and soft lithography, respectively. PDMS [3] is a silicon based organic polymer: (H 3 C) 3 [Si(CH 3 ) 2 O] n Si(CH 3 ) 3 and is an attractive material of current bioanalytical microfluidics due to its easy and reliable pattern transfer, flexibility, transparency, biocompatibility, chemical and biological resistance and low cost [4, 5] . Besides challenges in mass production of PDMS microsystems [6, 7] , the process compatibility with other polymers is still in the focus of ongoing researches on lab-on-a-chip applications [8] . The inherent hydrophobic surface property, non-specific molecule (e.g. protein) adsorption are key issues as regards reliability of microfluidic part of a PDMS-based sensor [5, 6, 7, 9] . On the other hand, the addition of surfactants can beneficially change the above properties [10] . Materials like TX-100 [11] and PDMS-PEO (poly(dimethylsiloxane-ethylene oxide polymer)) [12] has been successfully introduced to the fabrication of microfluidics for analytical purposes, however, the effect of their integration into a complex microsystem was not described so far.
In our work, hydrodynamic properties, the effect of surface modification on wettability and sealing of a polymer microsystem is investigated in details.
EXPERIMENTAL

Design
Our microfluidic system includes fluidic inlets and outlets, transport channels, embedded mixer structure and aligned optical parts as well. Design schematics and a cross-sectional drawing are shown in Figure 1 .a and b. The optical microsystem to be bonded to the microfluidics contains a laser coupler, an optical waveguide running under the fluidic channels. The topology transferred to the PDMS substrate is represented by Figure  1 .c.
Microfabrication
Polymer microfluidics was fabricated by PDMS soft lithography technique (as schematically illustrated by Fig. 2 ) utilizing multi-layered SU-8 epoxy based negative photoresist [13, 14, 15] as a master replica for PDMS moulding [3] . The SU-8 layers were patterned by subsequent spin-coatings and lithographic exposures and a final development step. Each layer contains different functional components of the microfluidic system. The first, bottom layer of SU-8 defines the fluidic channels with reservoirs and Tmixers, and the second layer includes fluidic inlets and the periodic relief of a herringbone mixer. Multi-layer moulding form for the examined herringbone chaotic mixer is shown in Figure 3 . The PDMS raw material was blended and grafted by surfactant molecules (TX-100 and PDMS-PEO) applying their concentration range of 0-0.2 v/v%. The volumetric ratio of the elastomer and the curing agent was 10:1 as specified by the developer (Dow Corning, Sylgard® 184). The raw PDMS was moulded onto the developed moulding replica and polymerised in room conditions in two days. Then the cured PDMS was peeled and bonded onto the photonic chip surface.
In our project, the photonic chip is developed from nano-composite polymeric materials using highly scalable nano-imprint-lithography (NIL) [16] . The structured photonic waveguide was visualised by AFM as presented in Figure 4 . To check bonding properties, a range of polymer materials has been used as substrate for the optical parts. Reliability and long-term stability of adhesion between fluidic and optical units was examined using P84® polyimide [17] and SU-8 [13] as high refractive index (HRI) material, and poly(methyl methacrylate) (PMMA) and fluorinated materials as CYTOP® [18] as Low Refractive Index (LRI) material , respectively. Conventional MICROPOSIT 1818 photoresist [13] was used as reference. Several earlier reports presented bonding solutions with moderate adhesion between different polymers and PDMS applying subsequent O 2 or N 2 plasma treatments and possible silanisation steps utilising various organosilanes. [19, 20, 21, 22] These bonding experiments were reproduced and evaluated to find an optimal method to seal our photonic and microfluidic subsystems.
Surface modification
Polymers with hydrophilic chains and amphipathic molecules can be embedded in the bulk phase if added to the elastomer before polymerisation. After embedding, the hydrophobic group of the molecules interact with the hydrophobic PDMS, and the hydrophilic chain is interfaced by the liquid phase. This way the wettability of the surface can be increased. The molecules like shorter polymer chains can freely move in the bulk phase, therefore real hydrophilicity can only be achieved if interfaced by hydrophilic medium. This implies that good adhesion and surface modification can be performed simultaneously. In our work, the effect of tensides are investigated by embedding two different molecules (TX-100, PDMS-PEO), both containing hydrophilic poly-ethylene oxide, but having different hydrophobic group and size. The effect of both added tensides are investigated in the concentration range of 0-0.2 v/v%.
Measurements
To ensure the optimal fluidic performance of the microfluidic system, these basic functional units were analysed by FEM modelling and experimental investigations. Biological analytes (fluorescently labelled human serum albumin (HSA) buffered in PBS) were applied to verify the functionality [23, 24] . Due to the small characteristic dimension of microfluidic systems, the fluidic flows are laminar and the fluidic component streams are mixed by molecular diffusion, where a dynamically diffusive interface is created with predictable geometry. The mixing performance can be improved by generating chaotic advection which can cause secondary transversal transport and significantly improve mixing in the laminar flow regime. This implies that the use of smaller surface area microfluidic devices with slightly complex channel geometries is sufficient to achieve efficient mixing in the microscale [25, 26, 27] .
The fluidic behaviour of three different mixer structures -herringbone type, staggered and simple T-mixerswere analyzed by Finite Element Modelling using COMSOL Multiphysics [28] solving Navier-Stokes and diffusion equations. The geometric parameters -especially in case of the herringbone type mixer -were also optimized.
The Navier-Stokes equation describes the fluidic motion of incompressible viscous liquids:
where v denotes the flow velocity, ρ is the density, p is the pressure, µ is the dynamic viscosity and f summarise the volumetric forces acting on the liquid (cca gravity).
The molecule concentration distribution was estimated by solving numerically the transport equation describing both the convection and diffusion phenomena:
where c denotes the concentration and D is the diffusion coefficient.
To optimise the convergence of the numerical solution the mesh of the model was carefully defined, considering that the discretisation error may cause numerical diffusion which leads to the false mixing of species as presented in [29] . A free tetrahedral mesh was built joined with a boundary layer mesh along the no-slip boundaries. To ensure the usage of appropriate mesh resolution we conducted mesh convergence study by calculation the concentration fields applying subsequent mesh refinements. The concentration distributions at the outlet plane of the structure were chosen as convergence parameter. In each step the root mean square (RMS) of the difference between the concentration fields were calculated in case of the refined and the previous mesh. The final mesh resolution was accepted if the calculated RMS has reached the 8% criteria. The applied mesh consisted of tetrahedral (79,15%), pyramid (0,77%), prism (12,87%), triangular (7,19%) and quadrilateral elements (0,02%). Number of elements was 16.09.028. The mesh element sizes were between 1.25 µm and 6.6 µm in the free tetrahedral region, and 0.187 µ m and 2.8 µm in the boundary region, respectively.
Initial boundary conditions were set to 0.1 mM/mL concentration of human serum albumin (HSA) solution and 2 µL/min aggregated flow rate in each model. The results of the simulations were verified by experimental flow characterization using fluorescent HSA diluted in phosphate buffered salt solution. The flow rate at the inlets was adjusted by injection pumps such that both the labelled HSA and the buffer solutions are introduced in equal distribution in the initial cross-section of the mixer structure. Since HSA proteins tend to bind to the channel walls, a pre-washing by bovine serum albumin (BSA) was applied. As a result, the hydrophobic bonds of the channel surfaces were completely blocked, which reduced noise on the fluorescent images significantly. The parameters of the above protocol are summarized in Table 2 . Detected fluorescent intensity was then evaluated by image processing software ImageJ [30] , which finally provided histograms corresponding with the concentration distribution of HSA solution in the examined crosssections.
RESULTS & DISCUSSION
Fluidic functionality
The three micromixer structures were characterized by both modelling and experiments with special interest in chaotic advection effects. The calculated and recorded HSA distributions are summarized in Figure 5 . The measured relative fluorescent intensities were illustrated and compared qualitatively to the modelled and vertically integrated concentration distributions at different cross-sectional plane of the structures. Both the numerical simulations and the experimental results showed the advantages of the double-layered herringbone structure in comparison with the staggered and the simple T-mixer structures. The results clearly proved that in the intermediate Reynolds number regime (1-100) the advective effect of the staggered blocks is not efficient enough and both the numerical and experimental results showed moderated mixing. The efficiency of the herringbone structures could be explained by the presence of anisotropic flow resistance in the channel and the generation of secondary flow-streams in the laminar regime. This transversal advection effect can be easily recognised by comparison of the concentration fields of subsequent cross-sectional planes.
Local minimum and maximum both in the vertically integrated concentration and in the fluorescent intensity appeared after the odd number of groove blocks in case of the herringbone structure. This periodic phenomena indicates the rotating effect of the anti-symmetrically formed groves and can be interpreted by the inclusion of a high concentration layer between the low concentration layers and vice versa. This effect could be recognised in both the experimental and the simulation results indicating a nice qualitative verification of our FEM model. The lowest ME values represent the most efficient mixing. In the applied intermediate Reynolds number regime, the characterized herringbone type mixer shows the best mixing efficiency in contrast to reference mixers like the staggered or the simple T-mixer as presented in Figure 6 . Note that the mixing efficiency of the herringbone type mixer can be improved by applying odd number of blocks of grooves as confirmed in Figure 6 where the C4 line indicates
, y x c relative ∆ function at the cross-sectional plane after the third block which is clearly beneficial compared to the state at the outlet plane after even number of the reflected antisymmetrical blocks. The characterised cross-sections (C4 and outlet planes) are indicated in the micrographs of Figure 5 .
Since the herringbone type mixer was chosen for further application and characterisation in the proposed microfluidic system the geometry of the mixer structure were optimised by Finite Element Modelling. The groove depth of the secondary relief structure was optimized particularly by the minimisation of the
, y x c relative ∆ function calculated at the cross-sectional plane of the mixer outlet. The ME mixing efficiency parameters were also calculated in case of different ratio of relief depth and primary channel depth as demonstrated in Figure 7 . The optimal depth of the groves was found to be in similar range with the primary channel height (20 µm), which is approximately 25-30 µ m in our case.
Issues of bonding process
Since polyimide (PI) was selected as the optical material of the sensor, its bonding to PDMS was investigated in details. Adequate adhesion were achieved by subsequent silanisation (applying organofunctional alkoxysilanes as (3-aminopropyl)-triethoxysilane -APTES) processes and oxygen plasma treatments applied in the case of polyimide polymer surfaces as illustrated in Figure 8 . For successful sealing we applied oxygen plasma activation (at the parameters of 1500 sccm O 2 , 200 W, 180 s) of the polymer surface before silanisation. 5 v/v% solution of APTES was spin-coated and baked at the temperature of 85°C for 25 min. Note that the organosilane can be deposited by spin-coating process, since the polymer surface is structured in the nanoscale. If the polymer surfaces are structured in the microscale, organosilanes are to be deposited from the liquid or vapour phase instead of spin-coating. Just before the bonding the surfaces were also activated in oxygen plasma (at the parameters of 1500 sccm O 2 , 200 W, 180 s).
The stability of the silanised and bare PI surface after plasma activation was characterized by a time dependent change of the water contact angle, as presented in Figure 9 .
While the plasma activated polyimide surface can be slightly bonded to the PDMS substrate, the silanised and plasma activated surface can be reliably sealed with the PDMS fluidics within cca. 24 hours after the surface modification. This time window could be critical if the active part of the sensor has to be modified (e.g. considering the bio-functionalisation of the polyimide optical waveguide) before bonding to the microfluidics. PDMS counterpart of the device was treated by oxygen plasma as well. As regards, the effect of surfactant on substrate bonding we noticed that long term sealing occurs only below concentration 0.2 v/v% in case of both PDMS-PEO and TX-100, however, lower contact angles would be achieved [12] by applying higher additives concentrations.
Effect of surface modification on hydrophilicity
Apparent drawback of PDMS-based biosensors is the hydrophobicity of surfaces, which has a remarkable effect on the maximum flow rate in a microfluidic system. Moreover, the non-specific binding of proteins or ligands to the channel surface is also considerable due to the possible depletion of the target molecules transported to the active sensing area. TX-100 surfactant and PDMS-PEO were added to the raw PDMS before polymerisation.
[31] The influence of the modification has been also studied and is found in literature [10, 11, 12, 32, 33] . Modified surface characteristics of our device were analyzed by contact angle measurement. Static contact angles are shown in Figure 10 .
A significant change in water contact angle was observed in correlation with the embedded surfactant molecule concentration. The water contact angle of the PDMS achieved the hydrophilic region around 45° from the original value of 90° in case of 0.2 v/v% PDMS-PEO concentration. The developing surface behaviour can be explained by the accumulation of the embedded molecules at the PDMS surface. The rapidly decreasing contact angle during the measurement indicates the increasing surface concentration of the modifying molecules at the PDMS / liquid interface [33, 34, 35] . The long term stability of the developed molecule layers were reported more than months by [11, 12] .
The improved wettability of the modified PDMS surface facilitates the design of fast capillary microfluidics. The characteristic capillary pressure in the channel system can be described by Equation 4: We can conclude that both TX-100 and PDMS-PEO can significantly improve the surface wettability of the PDMS surface. Our experiments on PDMS-PEO also proved that lower concentrations (below 0.2 v/v%) than applied in literature [12] is suitable for relevant changes contact angles.
Effect of surface modification on protein binding
The non-specific adsorption of proteins on the exposed surfaces of the microfluidic channels is essential as regards bioanalytical tasks demanding high sensitivity [36] . To check our surface modified PDMS from this point of view, the adsorption of fluorescein-isothiocyanate (FITC) labelled HSA on the exposed channel surface was recorded by fluorescent microscopy. The irreversible protein adsorption on channel surfaces was evaluated by recording the relative fluorescent intensity of labelled HSA along the microchannel after subsequent washing by PBS as presented in Figure 12 . The relative change in intensity after washing proved that irreversible HSA adsorption on the PDMS surface can be decreased by embedding 0.2 v/v% TX-100 or PDMS-PEO in the material. We can conclude that the irreversible protein adsorption on the PDMS surface can be decreased by almost 100% by this surface modification method [33] .
The applied 0.2 v/v% embedded additive concentration ensures both the improved wettability and nonspecific protein adsorption of the channel surfaces although it does not affect significantly the efficiency of the bonding process for the applied PI and PDMS materials. This paper describes the technology and functional investigation of the microfluidic part of a polymer based optical biosensor. Microfluidics in PDMS was fabricated by soft lithography technique using SU-8 moulding replica. Several possible polymer bonding processes were validated and applied to make a leak-free adhesion between optical material (polyimide) and PDMS. Subsequent silanization of plasma treated PI proved to be a suitable preparation technique before alignment and bonding to PDMS microfluidics.
The functional performance of the microfluidic system was modelled by Finite Element Modelling and the results were verified experimentally. The mixing performance of the integrated herringbone and staggered Ttype chaotic mixers were characterised and explained by the evolved transversal advection effects and the geometry of the herringbone mixer was optimised. Our results suggest that the mixing efficiency of the herringbone mixer is significantly improved, if odd number of blocks is applied.
Surface modification methods were also studied to improve both wettability and non-specific protein binding of PDMS. Triton X-100 surfactant and PDMS-PEO were added to the raw PDMS before polymerization. The influence of embedded molecules was analyzed in terms of contact angles and functionality. Contact angle of the modified PDMS surfaces was decreased by up to 30% and 50% in case of PDMS-PEO and TX-100 surfactant molecules, respectively, representing the significant change of the surface characteristics of the PDMS from hydrophobic to hydrophilic state. Moreover we found that irreversible protein adsorption on the PDMS surface can be decreased by almost 100% in both case. Eventually, we noticed that only low concentration of surfactants (below 0.2 v/v%) can be added without significantly deteriorating adhesion between PI and PDMS substrates. 
